Abstract-Power generation from photovoltaic (PV) modules suffers from heat losses that are a function of the temperature coefficient of maximum power (γ) of the PV module. Another loss mechanism is shading, where the power output of the module and ultimately the system can be severely compromised. Various approaches such as passive, active, or smart bypasses and module level power electronics have been employed to minimize the effects of shading on a PV module. So far, the performance of a PV module under shading had only been addressed vaguely and was generally described qualitatively. Therefore, a probability-based parameter called shading tolerability (ST) was recently developed to quantify the behavior of PV modules under all kinds of shade. However, the observations pertaining to ST were only carried out at 25°C ambient temperature. Hence, this paper aims to: 1) investigate whether ST is an innate property of a PV module by formulating a correlation between ST and ambient temperature, 2) classify various PV technologies based on ST and γ, and 3) develop a PV module selection map. Theoretical result shows that thermal features of a PV module (nominal operational cell temperature and γ) can influence the PV module ST by 12.25%. Also, an analytical limit is derived for ST variation with respect to ambient temperature change (ΔST/ΔT a ). The proposed selection map, which is similar to the Ragone plot for energy-storing devices, is validated using the data of 27 PV systems installed in the Netherlands. The map can be used for optimal selection of PV modules for the design of PV systems simply by knowing the specifications of the module along with the meteorological conditions of the installation location.
I. INTRODUCTION
C ONTINUOUS innovations and advancements have helped photovoltaic (PV) technology gain economies of scale and have made such technology cost competitive and affordable. The prices of PV modules have plummeted by about 80%-85% between 2009 and 2016 [1] . This has led to an exponential growth in PV deployment with the global installed capacities reaching 415 GWp in 2017 [2] . However, in spite of the rapid increase in the application of PV technologies, losses in a PV module remain significant. From 70% to 80% in the 1990s, performance ratios (PR) of about 90% have been achieved in the present time [3] . PV modules suffer from reduced performance due to a number of environmental factors such as temperature, transmission losses due to soiling, partial shading, etc.
It is well established that PV systems are influenced by a number of environmental factors. While designing a PV system, designers generally have a trove of data regarding the location's climatic conditions, dust intensity, temperature dependence of a PV module's output, etc. Yet they are often provided with no information related to a PV module's ability to cope with shading. General qualitative statements do not help to properly compare different PV modules. However, the parameter shading tolerability (ST) instigated by Ziar et al. to characterize a PV module's shading resilience property is a convincing approach to quantify the behavior at shading scenarios [4] . Therefore, the main goal of this paper is to introduce a map that may help designers to make an optimal choice based on the meteorological conditions, thermal behavior, and ST of a PV module. To do so, it is first necessary to establish ST as a fundamental property of a PV module. Therefore, temperature dependence of ST is investigated.
Hence, the rest of the paper is organized as follows. Section II offers a brief introduction to the parameter ST. In Section III, a mathematical insight into the effect of temperature on the parameter ST is presented, followed by experimental investigations. Temperature boundaries for PV modules are introduced in Section IV. The PV module selection map and its validation based on different installed PV systems in the Netherlands are presented in Sections V and VI, respectively. The final section provides a brief summary of the results derived.
II. THEORETICAL DEFINITION OF SHADING TOLERABILITY
After decades of research on PV systems, the random nature of shading profile on PV systems has been the major obstacle in the quantification of ST [5] . Therefore, in a framework of probability laws, the following formula was suggested in [4] for ST of a PV module:
where ST (i,c) stands for shading tolerability; c is the product between n PV cells connected in series and m PV cells connected in parallel (c = n × m) within the module; i corresponds to the total number of probable irradiation levels on each PV cell; P k is the maximum power point (MPP) at each shading profile (in W), while P mod mpp is the maximum power of PV module (in W) at uniform 1 sun irradiation (1 kW/m 2 ), AM 1.5 spectrum, and 25°C ambient temperature. Equation (1) is based on the 2156-3381 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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mathematical expectation and P mod mpp normalizes its value and enables to compare PV modules with different rated powers. Mathematically, the PV module which gains higher value from (1), acts better at shading. Results in [4] showed that ST (i→∞,c) = λ (i→∞,c) /(n + 1), where λ (i→∞,c) is a theoretically unknown function which most probably depends on the PV module features such as cell technology, geometrical design, bypasses, thermal features, etc. ST is a measureable parameter that can be added on PV modules datasheet as a benchmark to distinguish PV modules shading tolerance features. Equation (1) was applied to measure the ST of various PV modules using an EternalSun Large Area Steady State Solar (LASSS) AAA-class simulator and each module was tested under 64 shading profiles (for detailed ST measurement procedure see [4, Section III-A]). Table I includes the results of all indoor measured ST values for various PV modules (performed in the scope of this work and also the previous paper [4] ).
III. INFLUENCE OF THERMAL FEATURES OF A PV MODULE
ON ITS SHADING TOLERABILITY In [4] , for the mathematical formulation of PV module ST, it was assumed that the working temperature of the module is independent from the applied shading profile. However, it was mentioned that in the practical experiments the ambient temperature (instead of the module temperature) should be kept constant (at 25°C) to avoid inaccuracy. This is because at shading some modules might acquire higher temperatures than the others. Now, here we include the module temperature variation which might occur within ST test of a module into mathematical formulation (while the ambient temperature is kept constant). Then, we will check theoretically how the ST changes if the ST test is performed at different ambient temperatures. Finally, ST variations at different ambient temperatures are investigated experimentally.
A. Theoretical Study
Based on nominal operational cell temperature (NOCT) thermal model of the PV module, the change in the module temperature (while the ambient temperature is kept constant) can be modeled by [6] 
where T (2) m and T (1) m are module's temperatures in°C, S 2 and S 1 are kW/m 2 irradiation (0 < S k < 1) received by the module at imaginary states of 2 and 1, respectively. The inherent simplicity and the fact that almost all PV module data sheets contain NOCT information are the reasons for selecting this model. By assuming that the whole PV module is one block for which the temperature is uniformly distributed over it (while the irradiation is nonuniform), it is possible to plug-in (2) into (1)
where S k is the average irradiation (normalized by 1 kW/m 2 ) received by the module at shading profile indexed k. At one sun irradiation, S k equals to unity (S k =1 = 1). B equals to (NOCT-20) / 0.8 and γ = cte is a temperature coefficient of maximum power stated in the PV module datasheet. Using the same approach acquired in [4] (see Appendix A), further algebraic calculation on (3) results in the following equation:
where ST max is the theoretical maximum value of ST which equals to 0.5. It should be mentioned that when the shade is not absolutely dark (during ST measurements) the ST max = 0.5 + (I S O /2) where I SO is the percentage of irradiance transmitted by the shading object. λ (i→∞,c) is again a theoretically unknown function (at this stage) which depends on all PV module features which might affect the power output of PV module at shading, except thermal features. We speculate that λ (i→∞,c) strongly depends on the geometrical design of PV cells within the PV module, however, for the scope of this paper, including only thermal features in the ST general equation is sufficient. Equation (4) shows how thermal parameters of a PV module, NOCT, and γ, which are technology related and are available in modules datasheet, affect the ST of the module. Therefore, (4) is one step forward toward the full theoretical ST formulation as envisioned in [4] . As theoretically ST max = 0.5 for I SO = 0% and, for typical PV module, (n+3 / n+2) 1, the whole thermal part of the ST equation can be estimated as (1-γB/2). For a commercial PV module, since 43 < NOCT < 48 and −0.7 %/°C < γ < 0.0 %/°C [7] , [8] , then 1 < (1-γB/2) < 1.1225. In other words, the influence range of thermal features of a PV module on its ST is up to 12.25%. In the case of two similar PV modules with different temperature coefficients, the one with higher absolute temperature coefficient will have higher value of ST [and (4) tells how they can be numerically compared]. The rationale behind is that during shading (at a fixed ambient temperature) the average temperature of the module reduces according to NOCT model (because of less irradiation) and thus, modules with higher absolute temperature coefficient benefit more. This might not be the only mechanism affecting module temperature during shading. However, for the scope of this paper, it is assumed that hot spot(s) and other mechanisms such as snail trail [9] , [10] (which might trap the PV module into a devastating loop of temperature rise) fall under the category of PV module aging and not the instantaneous output power at ST tests per se. So far, the effect of module temperature variation on ST test results has been analytically modeled. The outcome of (4) is actually what is expected to be measured during ST test. Now let us investigate the effect of ambient temperature by assuming that ST is measured while ambient temperature (T a ) is not T ref = 25°C. Mathematically stated
which equals to ST | T a=25°w hen γ=cte. This means that, if we assume γ as a constant, ST of a module is independent from the ambient temperature. However, small deviations are expected to be observed (during ST measurements) as γ is not Note that the limits for Δ ST/Δ T a shown in the last row of Table II might change when using different Δ γ / γ S values. As it can be seen in Table II , Δ ST/Δ T a are small and can be neglected. In the next section, the variation of ST for different PV modules will be investigated experimentally.
constant at a temperature under different irradiation amount [11] . Although the temperature coefficient is itself temperature dependent, but it changes more with irradiation variation [12] . As average irradiation received by the PV module during ST tests changes, it is expected that γ also changes. Normally, for a considerable range of irradiation values (∼0.3 to 1 kW/m 2 ), γ changes linearly [11] - [13] . Therefore, it is possible to rewrite (5) using the following linear temperature coefficient:
where Δγ/ΔS is rate of temperature coefficient variation with respect to irradiation and depends mainly on the technology of the PV cell within the module. γ 1 is the temperature coefficient for PV module at S k =1 = 1 kW/m 2 stated in the datasheet. Substituting (6) in (5) results in the following equation:
Equation (7) establishes the relation between ST and ambient temperature. It shows that as Δγ/ΔS→0 (less dependency of temperature coefficient on irradiation level), the ST value also becomes more independent from ambient temperature. Therefore, it is expected that amorphous-Si and III-V technologies (which have low absolute values of Δγ/ΔS [12] , [13] ) provide more stable ST value at different ambient temperatures. Since, theoretically, ST max = 0.5 and for typical PV module (n + 3/ n + 2) 1, boundaries of ΔST / ΔT a can be written as follows:
where ΔT a is the ambient temperature variations. Using (8), as shown in Table II , it is possible to calculate ST variation with respect to ambient temperature for different PV module technologies using typical γ and Δγ/ΔS values found in the literature [12] , [13] .
B. Experimental Investigation
The ST of four different PV modules (2 × mono c-Si, 1 × poly c-Si and 1 × CIS) was tested at three different ambient temperatures. The experimental setup was almost the same as the indoor measurement of ST, where 64 different shading profiles were applied to the PV modules listed in Table I . However, in addition to the ST measurement at 25°C, here, ST was also measured at ambient temperatures of 30 and 35°C, respectively. The deviation in the air temperature under the LASS was in the range of ±1°C. The shading object transmitted 25% of the incident irradiance. It means that the shaded region received 250 W/m 2 , whereas the unshaded region received 1000 W/m 2 . I-V measurements were taken at 1000 W/m 2 and AM 1.5 spectrum. Using the EternalSun LASSS, the output power at each shading profile for a given ambient temperature was recorded. Fig. 1 shows the results of ST measurements at different ambient temperatures. The average measured change in ST value with temperature (for the tested modules) was 0.17 %/°C. Although the measured ΔST/ΔT a for modules #13, #14 were not within the calculated limit (mainly because typical values were used in Table II ), the change in measured ST with temperature is not much significant [as predicted by (8) ]. Therefore, ST of a PV module can be considered almost independent from the ambient temperature. Hence, the ST of a PV module can be treated as its characteristic parameter.
IV. BOUNDARIES FOR TEMPERATURE AND SHADING CLASSES
As shown in Table I , Ziar et al. introduced three shading classes/symbols: sunny (ST < 50%), partly cloudy (50% ࣘ ST < 80%), and cloudy (ST ࣙ 80%) for PV modules based on the distribution of the ST values obtained in [4] . The boundaries introduced above describe the suitability of a PV module for a given climatic condition based on its shade tolerance.
Similar to shading classes based on ST, to finally develop a PV selection map, it is also necessary to classify PV modules based on their temperature coefficient of maximum power (γ). This will determine their suitability for a given temperature condition. Since, γ differs with technology, there could be a wide range of temperature coefficients for PV modules (normally -0.7%/°C < γ < 0.0%/°C). Hence, to get a comprehensive picture of the temperature coefficients of commercial PV modules, data sheet information of 50 different PV modules (30 c-Si, 20 thin films) by leading manufacturers was referred to. Three different temperature classes, namely, hot (γ < 0.3), mild (0.3 ࣘ γ < 0.4), and cold (γ ࣙ 0.4) were introduced. The temperature coefficient values were distributed over the range of -0.2 to -0.5 %/°C and hence, the linear sections were adopted as the boundaries as shown in Fig. 2 .
Now that PV modules can be classified for a given meteorological condition based on their ST and γ, these boundaries can be used to create a selection map for different PV technologies based on the results presented so far.
V. SELECTION MAP
The decision making behind the deployment of a suitable PV module for a PV system is normally dictated by the cost of energy and not the rated maximum power. Along with various factors such as the ease of availability, costs of acquisition, operation and maintenance, etc., the major contributor to the final cost of electricity is the specific energy yield [14] . The selection map focusses on the latter aspect with the idea that an increase in energy yield will lead to lower cost of electricity.
To increase the energy yield and consequently reduce the levelized cost of electricity, it is essential to make the right choice of PV module. In spite of the fact that c-Si technologies dominates the current PV industry (95% of the total production in 2017 [2] ), large-scale PV parks sometimes use thin film technologies such as CdTe due to their higher temperature coefficients which may lead to greater yield [15] , [16] . However, this only caters to the temperature dependence of the PV output. Thus, to also include the influence of shading on the energy yield of a PV system, the selection map in Fig. 3 is suggested.
Since PV modules operate only during the daytime, the cloudiness and temperature parameters refer to the average annual daytime values in Fig. 3 . The vertical dotted lines correlate cloudiness with ST values. The cloudiness values were inspired from meteorology where cloud cover (CC) is classified as sunny (CC < 25%), partly cloudy (25% ࣘ CC < 62.5%), and cloudy (CC ࣙ 62.5%) [17] . Similarly, the horizontal dotted lines suggest the boundaries compatible with PV module's temperature coefficient values and the location's mean daytime temperature. The classification is a concise modification of the universal thermal scale used in Trewartha Climate Classification [18] . Here, it is expressed as hot (T > 23°C), mild (10°C < T ࣘ 23°C) and cold (T ࣘ 10°C). Based on the distribution of every point for respective PV technologies, a suitable geometric shape was created for each technology. Since, the map is derived from measured values, a tolerance of ±5% was maintained around the vertices. The arrows in the diagram suggest the response of the respective PV technology to red-shifted sunlight spectrum. Redshift in spectrum might happen by the presence of suspended particles in air [19] - [21] . Upward arrow means that technology benefits from the red-shifted spectrum and vice versa.
According to the suggested selection map, crystalline silicon PV modules have much lower ST and γ values than thin-film modules. Therefore, they are more suitable for locations that are sunny with cold or mild temperature conditions. On the other hand, thin-film technologies are optimal for partly cloudy or cloudy locations with hot or mild temperature conditions. Normally, one would always want to select a PV module with higher ST and lower absolute temperature coefficient values. However, the deployment of PV module can be significantly influenced by the meteorological conditions. For example, for a location that is mostly cloudy (or prone to usual shadings cast by side objects) with mild temperatures, one would want to focus more on the ST values than the temperature coefficient. From the above map, CIGS technology would be a suitable choice for such a case. Therefore, the map gives a good indication for the module to be chosen depending on the climatic condition. However, it should be noted that the above selection map is a preliminary version that only includes data for PV modules listed in Table I . Injection of more data may result to an even more detailed map. Also, with continuous innovations, temperature coefficients and shade tolerances of PV technologies have been improving steadily. This may subject the map to further changes. Moreover, similar to temperature coefficient values, inclusion of ST in a PV module's datasheet can lead to further improvement of the map since readily available values can help to create a selection map with greater detail.
VI. VALIDATION OF SELECTION MAP
To validate the proposed PV module selection map, climate data and various PV systems installed in the Netherlands have been studied. Climate data of the Netherlands from 2011 to 2016 was analyzed to understand the type of climate that the country would fall into. Annual average day time temperature and CC data from weather stations of the Royal Dutch Meteorological Institute (KNMI) were used to create respective maps of the country [22] . To do so, as Dutch terrain is smooth and regular, the inverse distance weighted method of interpolation was used to generate continuous fields of data where, for a given point, weather stations within the vicinity of 50 km were taken into consideration [23] . Not surprisingly, it was found that the Netherlands would fall under the climate category of Cloudy and Mild. Our selection map therefore suggests that CIGS modules should present better PR in such climatic conditions. To validate the above result, the performance of 27 PV systems (listed in Table III ) installed in the Netherlands using three different PV technologies (mono c-Si, poly c-Si, and CIGS) were studied.
The PR of a PV system is normalized with respect to irradiance falling on the plane of the array (POA). It describes the overall effect on the peak power output of losses such as nonabsorption due to the reflection from PV module surface, PV module temperature, mismatch due to partial shading, soiling, component failures as well as inverter inefficiency and cable losses [24] . For that reason, PR is a well-known parameter for comparing the performance of PV systems that may use different PV technologies or are installed in different geographic locations.
To calculate the annual PR, it was first necessary to determine the annual POA irradiation (G POA ) received by the PV systems. Global horizontal irradiation (GHI) values measured by KNMI weather stations were first interpolated for all the PV systems locations. These values were then decomposed into direct normal irradiation (DNI) and diffuse horizontal irradiation (DHI) using the Boland-Ridley-Lauret model [25] . Skyline profiles of each considered location along with the Sun position for every hour were also taken into account to calculate the hourly shading Table I.   TABLE III  SPECIFICATIONS ALONG WITH MEASURED ANNUAL AC YIELD OF PV SYSTEMS ( ) The AC yield was measured for a period of one year within the years 2016 and 2017.
factor (SF) and estimate the effective GHI, DNI, and DHI. 1 Finally, these components were used to calculate the POA irra- 1 When the Sun position overlapped with skyline profile, SF is set to zero. Otherwise, it is equal to unity. Then, the DNI value was multiplied with SF and the GHI was set equal to DHI for instances where SF was zero. diation as follows [26] :
where G dir is the direct beam component received by a tilted surface and is a product of the DNI and the cosine of the angle of incidence. The Reindl sky model was used to calculate the total diffuse irradiation (G diff ) received by the tilted surface [27] . Assuming a free horizon and the forefront of the field of view of the tilted surface as a diffuse reflector, G ground was calculated as follows [26] :
where ρ is the albedo of the ground and β M is the tilt angle of the PV module. The typical value of 0.2 was considered for albedo. The annual PR was finally calculated as follows [22] :
where P out (kW) is the power output of the PV module at a given instant, P 0 is the installed peak power of the PV system (kWp), and G 0 is the reference irradiance which is equal to 1 kW/m 2 . From Table III , it was found that there was significant variation in the PR of the PV systems. The average ac performance ratio for systems using poly c-Si (Module #14), mono c-Si (Module #15), and CIS (Module #16) technologies was found to be 0.83, 0.86, and 0.92, respectively. The results obtained show that the PV systems using CI(G)S technology resulted in higher performance ratios in average. The foundation of the PV selection map is based on the probability theory and keeping the results obtained in mind, it can be said that the CIGS technology would probably lead to higher performance ratios in the Netherlands when compared with other PV technologies.
As mentioned earlier, it is expected that the cost of electricity would lower with an increase in energy yield. Therefore, assuming the cost of the PV modules to be the same, the above results signify that for the same installed PV capacity at the same location in the Netherlands, the system using CI(G)S technology is likely to produce 7.0% and 10.8% more energy than mono-Si and poly c-Si technologies, respectively. This would also reduce the cost of electricity and the payback period accordingly.
Similar analysis performed with measured solar irradiation data at the POA of each PV system would lead to more precise outcomes to draw a definite conclusion. Moreover, calculation of dc performance ratio using measured dc yield would help in providing a more accurate picture of the performance of different PV technologies in the Netherlands.
VII. CONCLUSION
This paper formulated the mathematical relation between ST and thermal features of a PV module (NOCT and γ) and established that the parameter ST is almost independent from the ambient temperature, which allows to treat it as an intrinsic property of a PV module. Moreover, along with the shading classes, temperature classes of PV modules were also introduced. These were used to introduce the selection map for PV module installation using γ and ST at standard conditions. A case study for the Netherlands was carried out which showed that CIS technology indeed presented a higher performance ratio on an average as suggested by the selection map. Since the concept of ST is based on probability laws, it can be said that the selection map can help to select the optimal PV module that would most probably lead to higher energy yield and performance ratio.
It can be concluded, based on the findings of this paper, that the selection map for PV installation based on ST and temperature coefficient can help system designers to select an optimal PV module to achieve greater system performance and energy yield. Together with careful design of a PV system, the optimal choice of a PV module can lead to higher specific energy yield, lower cost of electricity, and shorter payback period which may further accelerate the growth of the PV industry.
APPENDIX

A. Demonstration of ST (i,c) Equation With
Temperature-Related Parameters Included (4) During the formulation of general ST equation in [4] , which is
the effect of module temperature variation due to shading was neglected. PV cell was modeled by an ideal current source with an antiparallel diode and it was assumed that the output power of the PV cell at a constant temperature is almost linearly proportional to received irradiation and each cell provides P cell watts at 1 kW/m 2 . In (A.1), n is the number of series-connected PV cells and m is the number of PV cell strings in the module, such that c = n × m. Then, j = i-1 and i are the possible irradiation levels on the module surface (between 0 and 1 kW/m 2 ). In order to include thermal features into ST [derivation of (4) from (3)], only the influence of S k on the general equation of ST must be known (B and γ are constants). Therefore, first, the following equation should be formulated:
where S k is the average irradiation (normalized by 1 kW/m 2 ) received by the module at shading profile indexed k. S k superscript was added to distinguish (A.1) from ST definition equation. Now, consider a hypothetical PV module consisting of two series-connected solar cells. Assume that irradiation has only two possible values at each PV cell's surface [ Fig. 4(a) ], either 0 or 1 kW/m 2 . Then, (A.1) would be equal to ST Fig. 4(b) , by keeping the number of cells constant as 2 but increasing the possible irradiation levels to three (0, 0.5, and 1 kW/m 2 ), ST
. By keeping on increasing the possible irradiation levels and keeping the number of cells constant, the ST S k equation for a module with two series-connected cells is obtained as follows:
Doing the same procedure for a module with three seriesconnected cells results in
And further extending it to a module with four seriesconnected cells results in 
